Many tumors, including breast cancer, are maintained by a subpopulation of cells that display stem cell properties, mediate metastasis, and contribute to treatment resistance. These cancer stem cells (CSCs) are regulated by complex interactions with the components of the tumor microenvironment -including mesenchymal stem cells, adipocytes, tumor associated fibroblasts, endothelial cells, and immune cells -through networks of cytokines and growth factors. Since these components have a direct influence on CSC properties, they represent attractive targets for therapeutic development.
Introduction
Although much research has focused on the genetic abnormalities that initiate and drive cancer, there is now overwhelming evidence that the behavior of tumorigenic cells is also highly influenced by their microenvironment. In fact, decades of research have led to the view that tumors are in effect organ-like structures composed of numerous cell types whose interaction is required to drive and promote growth and metastasis. In some normal tissues, a small number of stem cells have the capacity to self renew as well as to differentiate into multiple lineages. There is increasing evidence that a similar hierarchy governs many tumors, including breast cancer. Cancer stem cells (CSCs) are operationally defined by their ability to initiate tumors in immunocompromised mice upon serial passage, a demonstration of self renewal, as well as their ability to differentiate into the non-self-renewing cells forming the tumor bulk (1) (2) (3) . Analogous to the regulation of normal stem cells by their "niche," CSCs are regulated by, and in turn regulate, cells within the tumor microenvironment. These cells, including mesenchymal stem cells (MSCs), tissue-associated fibroblasts, and endothelial cells interact with CSCs via growth factor and cytokine networks ( Figure 1 ). Furthermore, immunomodulatory cells, including T cells and macrophages, exert both inhibitory and stimulatory effects on CSCs and their progeny. The interaction between CSCs and their microenvironment provides new targets for therapeutic intervention. Since CSCs by virtue of their relative resistance to chemotherapy and radiation therapy may contribute to treatment resistance and relapse (4) (5) (6) , the successful targeting of this cell population is critical. Strategies designed to specifically target the interaction between the CSC and its microenvironment represent an important approach to improving patient outcome.
Although tumor heterogeneity has been long recognized, the existence of cellular hierarchies of tumor cells resulting from differentiation has only been more recently appreciated. In 1997, Bonnet and Dick first reported the existence of a cellular hierarchy in human acute myelogenous leukemia (AML) that resembled the hierarchy found in normal hematopoiesis (7) . At the apex of this hierarchy are leukemic stem cells identified by virtue of their expression of the stem cell markers, notably that they are CD34 + / CD38 -. These leukemic stem cells, but not the majority of leukemic blast cells, were able to transfer leukemia to immunosuppressed mice (7) More recent studies have suggested that the majority of CD34 + AMLs arise from progenitor cells rather than from hematopoietic stem cells, and that an individual leukemia may be driven by multiple clones of leukemia stem cells (8) . These and other recent studies suggest that CSCs may be more heterogeneous than previously believed (9) . Similar CSCs have subsequently been identified in many human solid malignancies including those of the breast, brain, colon, prostate, and pancreas (3, (10) (11) (12) . Subsequent studies have provided evidence that these CSCs mediate tumor metastasis and, by virtue of their relative resistance to radiation and chemotherapy, contribute to relapse following therapy (5, 6) . This highlights the importance of understanding the pathways which regulate this cell population. As is the case with their normal counterparts, CSCs are regulated by intrinsic signals as well as extrinsic signals originating in the tumor microenvironment (13) , and epigenetic as well as genetic changes which occur during carcinogenesis modulate these regulatory signals (14, 15) . Stem cell regulatory pathways frequently dysregulated in tumor cells include the Notch, Hedgehog, Wnt, PI3K, NF-κB, and Jak/STAT pathways (16) (17) (18) (19) (20) . These pathways are activated in some tumors via mutation of key regulatory elements, but in breast cancer, they are more often dysregulated by signals from the tumor microenvironment (21) . Emerging evidence suggests that the tumor cell hierarchy, as well as multiple cellular elements in the microenvironment, co-evolve during the process of carcinogenesis (22) . Bi-directional paracrine signals coordinately regulate tumorigenic cell populations including CSCs (17, (23) (24) (25) . Tumorigenic cells in turn produce factors that attract and regulate the diverse variety of cell types that constitute the tumor microenvironment (23, 25) . Interestingly, many of the pathways activated during tumor formation resemble those that mediate normal wound healing, including cytokine loops and the transcription factor NF-κB (17) . In addition, immunomodulatory cells provide both stimulatory and inhibitory influences on tumor development (26, 27) . Here, we will review the links between inflammation and cancer, with an emphasis on cytokine networks and NF-κB signaling. We will also discuss how the diverse heterogeneity of cell types in the tumor microenvironment may impinge on these pathways to regulate the CSC population. Elucidation of these networks is of clinical importance since it may allow for the identification of novel therapeutic targets and the development of strategies to target breast cancer stem cell (BCSC) populations.
Cellular components of the tumor microenvironment
Developing tumors recruit a diverse collection of cells that make up the microenvironment, and through iterative interactions both the tumor cell and its microenvironment co-evolve (22) . Although early studies suggested that some of the cells in the tumor microenvironment contained mutations (28) , more recent evidence suggests that mutations are limited to the tumorigenic cells, and that these modify the epigenetic program of other nontumorigenic cells in the tumor microenvironment (21, (28) (29) (30) . The cells in the microenvironment in turn produce epigenetic changes in tumor cells reflected in their pattern of differentiation (21, 22) . These reciprocal interactions are illustrated by changes in the tumor microenvironment that occur during evolution of pre-invasive ductal carcinoma in situ to invasive carcinoma of the breast, and involve sequential epigenetic changes in the tumor stromal microenvironment (21, 22) .
In human breast cancers, mesenchymal cells may be recruited from the bone marrow (23) or from the normal breast stroma (25) . As in tumor cells, ALDH1 expression identifies MSCs that are selectively recruited to sites of growing tumor, where they interact with BCSCs through cytokine loops involving IL-6 and CXCL7 (23) . As illustrated in Figure 2 , these cytokine loops stimulate the self renewal of BCSCs (23) . Immunohistochemical analysis has confirmed the existence of such MSC/BCSC interactions in biopsies obtained from breast cancer patients (23) . Expression of stem cell markers such as ALDH1 in breast cancer cells has been shown to be an independent predictor of poor outcome in women with breast cancer (2). In addition, MSCs have the ability to differentiate into adipocytes as well as tumor-associated fibroblasts, which also interact with and influence tumor cells (31) .
The activation of fibroblasts and myofibroblasts was originally described in a study of wound healing by Gabbiani and Majno, who observed morphological changes in activated myofibroblasts as compared with quiescent tumor- and wound-associated fibroblasts (32) . Based on the similarities between the wound healing process and cancer, both of which involve infiltration of inflammatory cells and activation of cytokine networks, it was proposed that malignant epithelial cells are "wounds that don't heal" (33) . In an experimental mouse model, acute wounding in the mammary gland by dermal incision accelerated breast tumor growth and metastasis (34) . Although the exact mechanisms remain unknown, paracrine signals from evolving tumors induce epigenetic changes in the surrounding stromal fibroblasts (35) . Indeed, the gene expression profile of tumor-associated fibroblasts resembles that of wound-activated fibroblasts, and this profile is associated with poor prognosis (36, 37) . Growth factors such as TGF-β may be involved in these epigenetic changes, which lead to activation of fibroblasts (38) . In addition, cytokines such as SDF-1 (also known as CXCL12) produced by breast carcinoma-associated fibroblasts (but not normal fibroblasts) may promote proliferation of tumor cells, which express the SDF-1 receptor CXCR4 (39) . The level of expression of SDF-1 in serum has been associated with poor survival in breast cancer patients (40, 41) . Other growth factors such as HGF, produced by mammary stromal cells, may also have a profound effect
Figure 1
The tumor microenvironment. Elevated levels of cytokines and growth factors produced by tumor cells enhance the proliferation and survival of CSCs, induce angiogenesis, and recruit tumor-associated macrophages, neutrophils, and mast cells, which secrete additional growth factors, forming a positive feedback loop that promotes tumor cell invasion and metastasis. on developing mammary tumors (42) . HGF provides a co-stimulatory signal to the Wnt pathway during colon carcinogenesis (43) , although it remains to be determined whether similar pathways are involved in breast carcinogenesis. Other important growth factors produced by activated fibroblasts include the FGFs. It has recently been shown that estrogen regulates the BCSC population through a paracrine mechanism involving FGF9 (44) . Additional factors produced by cells in the tumor microenvironment regulate tumor proliferation, invasion, and metastasis; these include IGF, PDGF, Wnt, Notch ligand, Hedgehog ligands, and MMPs (45-50).
The immune system exerts both inhibitory and stimulatory effects on breast tumors, and the balance of these effects may profoundly influence tumor growth. A description of tumor-mediated immunity is beyond the scope of this piece, and the reader is referred to recent excellent reviews on the subject (51) (52) (53) . However, the importance of the immune system is illustrated by recent studies that have elucidated the mechanisms by which macrophages recognize and destroy tumor cells. Recent studies in human leukemia and lymphoma have suggested that tumor cells express the antigen CD47, which serves as a "don't eat me" signal to tumor-associated macrophages (54) . At the same time, these cells express calreticulin, recognized by these macrophages as an "eat me" signal (55) . Administration of a blocking antibody to CD47 induced macrophage phagocytosis of tumor cells in vitro and in mouse models (55, 56) . Importantly, these researchers showed that leukemic stem cells as well as bulk tumor cells could be targeted by this approach. Although CD47 expression has been shown in breast cancer cells (57) , it remains to be determined whether this antigen is also expressed on BCSCs and whether blocking this receptor would have utility in treating breast cancer.
Endothelial cells may play an important role in the tumor microenvironment by direct interaction with tumor cells as well as by their role in blood vessel formation. Endothelial cells constitute an important component of normal hematopoietic and neuronal stem cell niches (58, 59) . In addition, cytokines produced by endothelial cells directly regulate CSCs (60, 61) . It was proposed by Judah Folkman 40 years ago that angiogenesis, the process of new blood vessel formation, was required for tumor growth and metastasis (62) . The role of tumor angiogenesis has been demonstrated in many preclinical models including breast cancer (63) . This has led to the development of a number of antiangiogenic agents as cancer therapeutics. Angiogenesis is a complex process involving interaction between multiple cell types. Bone marrow-derived endothelial progenitor cells are attracted to tumors, where they differentiate into mature endothelial cells and form capillaries (64, 65) . These newly formed blood vessels carry oxygen and nutrients to growing tumors, facilitating progression and metastasis ( Figure 1 ). Interestingly, tumor vasculature is vastly different from normal vasculature, as illustrated by the finding that more than 1,000 genes are differentially expressed between them, including FGF receptors, MMPs, and JAK3 (60) . Although preneoplastic lesions lack angiogenic capacity, transition from hyperplasia to neoplasia requires induction of angiogenesis, a process that may be regulated by NF-κB (66, 67) . Tumors may also generate a vasculature via a process termed "vasculogenic mimicry," in which tumor cells transdifferentiate into vessel-forming endothelial-like cells. Two recent reports by Wang et al. and Ricci-Vitiani et al. demonstrated that glioblastoma CSCs are multipotent and can differentiate into endothelial cells, generat-
Figure 2
Cytokines secreted by cells in the tumor microenvironment regulate BCSC self renewal. Tumor-associated fibroblasts (TAFs) and macrophages (TAMs) and MSCs have been shown to secrete IL-6, IL-8, and CXCL7, which in turn activate STAT3/NF-κB signaling, leading to self renewal of BCSCs. This generates a positive feedback loop between the tumor microenvironment and tumor cells.
ing their own vasculature (68, 69) . Although many pro-angiogenic factors have been identified, VEGF is the primary mediator of this process (70) , and as a result it has been the principal target of antiangiogenic therapies. A humanized monoclonal antibody targeting VEGF, bevacizumab, as well as two multi-kinase VEGF inhibitors, sorafenib and sunitinib, are currently approved for clinical use. These anti-angiogenic agents have shown utility in a number of tumor types including renal and colon cancers (71, 72) . Bevacizumab was initially approved for use in metastatic breast cancer on the basis of reports demonstrating that it prolonged time to tumor progression (73) . However, more recent studies (AVADO and RIBBON-1) have suggested that this effect is limited and that the addition of bevacizumab to cytotoxic chemotherapy failed to increase patient survival (74) . These results are consistent with reports in mouse models that anti-angiogenic agents may accelerate local breast cancer invasion and distant metastasis (75, 76) . Indeed, we have found that in mice bearing human breast cancer xenografts, these agents increase the CSC population through generation of tissue hypoxia (77) . Antiangiogenic agents may also stimulate tumor growth by increasing HGF production by tumor stromal cells (78) .
Cytokine networks are important regulators of BCSCs
The link between inflammation and cancer is an old concept that was first proposed by Virchow in 1864, when he observed that inflammatory cells frequently infiltrate tumor stroma (79) . Considerable clinical evidence exists for links between inflammatory states and cancer development, including the association of ulcerative colitis, hepatitis C, and chronic pancreatitis with cancers of the colon, liver, and pancreas, respectively (79) . Levels of chronic inflammation as assessed by serum C-reactive protein or β-amyloid are correlated with risk of breast cancer recurrence in women after primary therapy (80) . Chronic inflammation, as reflected in expression of these markers, may be mediated by cytokines including IL-1β, IL-6, and IL-8 (53) . Genetic polymorphisms in these cytokine genes predispose affected individuals to cancer (81) . Cytokines generated by cells within the tumor microenvironment are shown in Table 1 . These inflammatory cytokines stimulate CSC self renewal, which then may promote tumor growth and metastasis (24, 82) .
IL-6 and IL-8 have been implicated in both chronic inflammation and in tumor growth (83, 84) . Within the tumor microenvironment, many cell types including mesenchymal cells, macrophages, and immune cells secrete both IL-6 and IL-8 (83) . Furthermore, the serum levels of both of these cytokines have been associated with poor patient outcome in breast cancer (85, 86) . In a variety of preclinical models, IL-6 has been shown to promote tumorigenicity, angiogenesis, and metastasis (24, (87) (88) (89) . The clinical relevance of these studies is supported by the demonstrated association between serum IL-6 levels and poor patient outcome in breast cancer patients. IL-6 has been shown to be a direct regulator of BCSC self renewal, a process mediated by the IL-6 receptor/GP130 complex through activation of STAT3 (17) . Utilizing mouse xenografts, we have recently demonstrated that bone marrow-derived MSCs are recruited to sites of growing breast cancers by gradients of IL-6 (23). IL-6 is a key component of a positive feedback loop involving these MSCs and BCSCs (23) . Furthermore, Sethi et al. recently demonstrated that IL-6-mediated Jagged1/Notch signaling promotes breast cancer bone metastasis (90) . These studies identify IL-6 and its receptor as attractive therapeutic targets.
Utilizing gene expression profiling, we previously identified the IL-8 receptor CXCR1 as highly expressed on BCSCs and found that IL-8 was able to stimulate their self renewal (82) . Blocking this receptor in mouse xenografts significantly reduced the number of BCSCs, leading to decreased tumorigenicity and metastasis. The production of inflammatory cytokines including IL-6 and IL-8 is regulated by the NF-κB signaling pathway (91) .
The NF-κB pathway plays a crucial role in inflammation and carcinogenesis. The NF-κB family is composed of five related transcription factors: p50, p52, RelA (p65), c-Rel, and RelB (92, 93) . In resting cells, NF-κB proteins are predominantly found in the cytoplasm, where they are associated with the IκB family; activation of NF-κB by diverse signals results in ubiquitin ligase-dependent degradation of IκB and nuclear translocation of NF-κB protein complexes. The transcription of a number of cytokines, including IL-6 and IL-8, is activated by NF-κB (91) . In addition, a positive feedback loop has recently been shown to maintain a chronic inflammatory state in tumor cells. Interestingly, this loop involves the microRNA let7, as well as Lin28, a factor involved in embryonic stem cell self renewal (17) . This feedback loop is maintained by IL-6 through its activation of STAT3, which in turn activates NF-κB and its downstream targets Lin28 and let7. The specific role of IL-6 in maintaining this inflammatory loop in BCSCs has been recently demonstrated (17, 20) . NF-κB may play an important role in normal breast physiology as well as carcinogenesis. In a HER2-neu model of mammary carcinogenesis, suppression of NF-κB in mammary epithelium reduced the mammary stem cell compartment, resulting in a delayed onset of HER2-neu-induced tumors that displayed reduced angiogenesis and infiltration by macrophages (67) . NF-κB has also been implicated in the regulation of mouse mammary stem cells during pregnancy. Elevated levels of progesterone during pregnancy induce the production of RANKL by differentiated breast epithelial cells. RANKL in turn stimulates breast stem cell self renewal via activation of NF-κB in these cells (94, 95) . The increased incidence of aggressive breast cancers associated with pregnancy (96) may result from activation of similar pathways in BCSCs (94, 95) .
Epidemiologic studies demonstrate that obesity is associated with a significant increase in postmenopausal breast cancer (97, 98), which may be related to the known link between obesity and inflammation (99) (100) (101) (102) . Patients with type 2 diabetes mellitus have elevated levels of circulating proinflammatory cytokines including TNF-α, IL-6, and C-reactive protein (103) . In addition, these elevated levels of proinflammatory cytokines have been linked to NF-κB activation (104) . The diabetes drug metformin reduces levels of circulating glucose, increases insulin sensitivity, and reduces insulin resistance-associated hyperinsulinemia. Interestingly, in preclinical mouse models, metformin has been shown to selectively inhibit BCSC self renewal, reducing the proliferation of these cells in breast tumor (105) .
Summary and clinical implications
Many solid tumors, including breast cancer, are composed of heterogeneous cell populations that interact in complex networks. As is the case in developing organs, tumor cells interact with these diverse cellular elements, and these elements regulate the hierarchy of tumorigenic cells. Metastatic tumor cells also recreate complex cellular microenvironments at metastatic sites. Over 120 years ago, Paget proposed the "seed and soil" hypothesis of tumor metastasis (106) . Reframed in a modern context, the seeds are the CSCs, and the soil is the rich microenvironment composed of diverse cell types which interact with tumor cells via growth factor and cytokine networks. These networks regulate CSCs and their progeny, which form the tumor bulk. Elucidation of these pathways may provide new targets for therapeutic development (Figure 2 ).
Researchers have already attempted to target some of these molecules and pathways, including the cytokines IL-6 and IL-8 and their receptors, IL-6R and CXCR1. Blockade of these pathways reduces the proliferation of BCSCs in mouse xenograft models of breast cancer (82) . This results in reduction of tumor growth and metastasis in these models. NF-κB also represents an attractive target. Promising in vitro and preclinical studies using the NF-κB inhibitor parthenolide (107) support the testing of this drug in early-stage clinical trials for the treatment of leukemia. These trials will determine whether the simultaneous targeting of CSCs and their microenvironment improves the efficiency of anticancer therapies.
